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PREFACE

Soon after its founding in 1952, the Advisory Group for Aerospace Research and
Development recognized the need for a comprehensive publication on flight test techniques
and the associated instrumentation. Under the direction of the AGARD Flight Test Panel
(now the Flight Mechanics Panel), a Flight Test Manual was published in the years 1954 to
1956. The Manual was divided into four volumes: I. Performance, II. Stability and Control,
III. Instrumentation Catalog, and IV. Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of sophisti- j
cated techniques. In view of this development the Flight Test Instrumentation Group of the
Flight Mechanics Panel was asked in 1968 to update Volumes III and IV of the Flight Test
Manual. Upon the advice of the Group, the Panel decided that Volume III would not be
continued and that Volume IV would be replaced by a series of separately published mono-
graphs on selected subjects of flight test instrumentation: The AGARD Flight Test
Instrumentation Series. The first volume of the Series gives a general introduction to the
basic principles of flight test instrumentation engineering and is composed from contribu-
tions by several specialized authors. Each of the other volumes provides a more detailed
treatise by a specialist on a selected instrumentation subject. Mr W.D.Mace and Mr A.Pool
were willing to accept the responsibility of editing the Series, and Prof. D.Bosman assisted
them in editing the introductory volume. In 1975 Mr K.C.Sanderson succeeded Mr Mace as
an editor. AGARD was fortunate in finding competent editors and authors willing to
contribute their knowledge and to spend considerable time in the preparation of this Series.

It is hoped that this Series will satisfy the existing need for specialized documentation
in the field of flight test instrumentation and as such may promote a better understanding
between the flight test engineer and the instrumentation and data processing specialists.
Such understanding is essential for the efficient design and execution of flight test programs.

The efforts of the Flight Test Instrumentation Group members (J.Moreau CEV/FR,
H.Bothe DFVLR/GE, J.T.M. van Doom and A.Pool NLR/NE, E.J.Norris A&AEE/UK,
K.C.Sanderson NASA/US) and the assistance of the Flight Mechanics Panel in the prepara-
tion of this Series are greatly appreciated.

F.N.STOLIKER
Member, Flight Mechanics Panel
I-terim Chairman, Flight Test
Instrumentation Gro A ,, ..... "'n 7

• . A • . , "' ' ,•'" -



SUMARY

The evolution of flight test instrumentation systems during the last decadereflects the radical changes of electronic measuring techniques. Nevertheless the basic
principles of measurement methods are essentially unchanged and the sensors for flowand pressure measurements have experienced only slight changes. The fundamentals of flowand pressure measurements are explained from the viewpoint of flight test instrumentation.An overview of modern instrumentation is given with important applications to altitudemeasurement, vertical and horisontal speed measurement, boundary layer, wake and engine
flow measurement. The scope of this manual is to give self-consistent information on thedifferent techniques and systems and to give references for a more detailed study ofspecial techniques.
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List of Symbols
Sa sound velocity, lift curve slope (Eq.56)

C pressure input rate (Eq.44)

CDP profile drag coefficient

of (fb) skin friction coefficient (force balance data)

Sf (pp) skin friction coefficient (Preston probe data)

C Cp specific heat at constant pressure

d diameter, thickness, hole diameter

E elasticity module

f deformation, frequency

F force

g acceleration of gravity

9r reference acceleration of gravity

sea level acceleration of gravity

O(x) grating transfer function (Eq.36)

h altitude

H geopotential altitude

I moment of inertia

K recovery factor (Eq.25)
Kn Knudsen number

1 length, wing chord, hole depth

L correlation length of turbulence elements

m mass

m 10/3 coefficient of shearing contraction (Eq.40)
M Mach number

n number of vortices per second, natural frequency (Eq.42)

p pressure

Pa atmospheric or ambient pressure

PaSL sea level atmospheric pressure

pt static pressure

Pt total or stagnation pressure
p p Pitot pressure

Pi pressure at instrument (Eq.46)

PO input pressure (Eq.46)

Pr Prandtl number
pcil-pm2 pressures at angle of attack holes

por~psr auxiliary pressure functions plotted in Fig.68(b)

q =• 1 0v2 kinetic pressure

QC impact pressure
Q mass flow

r radius

rn distance between resultant normal force and pivot (Eq.56)
R gns constant

R(y) correlation function of turbulent fluctuations

Re Reynolds number

S Strouhal number, area, vane area

t time

tR response time

T temperature

Ta ambient temperature

Tp probe temperature

Tt total temperature

To stagnation temperature in a boundary layer (To Tt for adiabatic walls)

u'v velocity components in a three dimensional boundary (Fig.1I)



v air speed
v 0  calibrated air speed

v a equiva3ent air speed
vt true air speed

vo" shear stress velocity, v0  A " 077
Sv' amplitude of fluctuating velocity component

SVi volume of instrument

V1  volume of tube

w width of rake strut

XbsYbsb body coordinates

xw,,yw.w wind coordinates

Greek Symbols

a angle of attack

B sideslip angle, coefficient (Eq.41)
0 slope of linear approximation of atmospheric temperature with altitude (Eq.8)

SO offset angle (Eq.56)
aR amplitude after the lapse of time tR (Eq.59)
y ratio of specific heats

5 dislocation of geometric probe centre by boundary layer effects (Fig.28)

thermal conductivity, diameter of turbulence elements

M dynamic viscosity
V kinematic-viscosity
p density

TO wall shear stress

Ti time delay

X hypersonic interaction parameter

damping ratio (Eq.56)

w a 2wf frequency

Wn natural frequency

W4 damped frequency

Subscripts

a atmospheric
b lower altitude limit of a layer

1 outer edge of boundary layer
w wall

SL sea level

i instrument
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PRESSURE AND FLOW MEASUREMENTS
by

Prof. W. Wuest
Deutsche Forschungs- und Versuchsanstalt fUr

Luft- und Raumfahrt DFVLR
0Ottingen

Bundesrepublik Deutschland

1. INTRODUCTION

The evolution of flight test instrumentation systems during the last decade reflects
the radical changes of electronic measuring techniques. Navertheless the basic principles
of measurement methods are essentially unchanged, and the sensors for flow and pressure
measurements have experienced only slight changes. In the following, emphasis 5s laid on
the fundamentals of flow and pressure measurement from the viewpoint of flight test
instrumentation, but also a review of modern instrumentation is given with important
applications to altitude measurement, vertical and horizontal opeed measurement, wake
and engine flow measurement. After developing the theoretical fundamentals of flow and
pressure meanurement in flight test, pressure and air speed sensors are described and
discussed. Major evolutions have occured in pressure transducers, including preusure
switches and alerting units. Time response of pneumatic syrstems and the experimental
verification of dynamic response are important for measuring transient pressures. Cali-
bration techniques and equipment comprise not only pressure generators and laboratory
standards for field use, but also dynamic calibration (including automatic dynamic
testing and air data computer test sets). The scope of this AoARDograph is to give self-
contained information on the different techniques and systems but also to give reference
for a more.detailed study of special measurement techniques.

2. THEORETICAL FUNDAMENTAL3 OF FLOW AND PRESSURE MEASUREMENT IN FLIOHT TEST
2.1 Coordinate Systems

Pressure test data are generally sensed in an aircraft body coordinate system (x

Yb, zb)" Its origin is located at the aircraft center of gravity with the xb-axis directed
forward along the longitudinal axis of the aircraft, and the zt-axis directed downward in
the vertical plane of symmetry of the body. The body axes can Be transformed into the
wind coordinate pystem (xY~yWzw) by a rotation over the sideslip angle and the angle of
attack. The sideslip ang e, 5 , is measured from the air speed vector (xw-axis) to its
projection on the xI,zb-plane. The angle of attack, a , is measured from the projection
of' the x -axis on tgFie xw,yw-plane to the xb-axis itself. The transformation from body
coordinates to wind coordinates is given by Eq.(1) [1]:

xw = coso cos a xb - sin 8 Yb + cos 0 sin ab Zb

Yw = sin B cos a xb + Cos a Yb + sin 0 sin a zb (1)
zw = - sin m xb 4 cos *b J

The wind coordinate system is found from the local geocentric system by a rotation over
the angles of the flight path and the wind vector (with respect to the ground).

2.2 The relationship between atmospheric pressure and altitude

2.2.1 Theoretical relationship

In a stationary atmosphere the relationship between the atmospheric pressure Pa and
the geometric altitude above mean sea level h is given by the hydrostatic equilibrium
equation

Pa 6dPa -pgdh T - dh (2)

or in integrated form h

-Pa dht (3)
PaSL o

In aviation the geopotential altitude above sea level H is often used, which is defined
by b LdH = gdh 

(4)

where L 5 isthe acceleration due to gravity at mean sea level.
In actuaT fact the earth does not have a spherical form. H wever, for reference purposes
the geoid can be approximated by an ellipsoidal surface C2J.
Then Eq.(2) becomes

n Pa . SL dH'
lnL- - o-- -'-PaSLo
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2.2.2 Standard atmosphere

In aviation much use is made of standard atmospheres. In these standard atmospheres
a fixed relation is used between temperature T and geopotential altitude H . The offic-
ial standard atmosphere is the ISO :ttndard Atmosphere (3] and, in civil aviation regulat-
ions, the ICAO Standard Atmosphere M4J which is identical to the ISO Standard Atmosphere
but does not go higher than 32 km.

The ISO Standard Atmosphere assumes linear relationships between temperature and
altitude in different layers where tht jemper tyre gradients with altitude differ (?ig.l).
The standard atmosphere publications 13J and t4J have detailed tables which give temper-
ature, pressure, density, acceleration due to gravity, speed of sound, dynamic viscosity,
kinematic viscosity, thermal conductivity, specific weight, mean air-particle speed, air
particle collision frequency and mean free path of air particles, all as a function of
both geopotential and geometric altitude [4a).

so

km 71 km

* 51 km
S47 k'm

•= 32 km

0o2 20 km

Teemperature----:

Pig.1 ISO Standard Atmosphere

2.2.3 Deviations from standard atmosphere

Deviations of pressure and temperature of air from standard may be significant @b].
As pointed out in chapter 2.3, the 2ieasurement of altitude by static pressure assumes
that pressure is a definite function of altitude. Introducing a standard atmosphere made
up of layvers in which the temperature varies linearly with geopotential altitude, we get
from Eq.( 5)

H - Hb=• Pa~b(a - 1 (6)

where values for the different layers are given in Eq.(Ila) to (lid).

The real atmosphere generally differs from the Standard atmosphere and for small
deviations we get the following combined altitude error:

aH 17 a H 0 H .A 7
ab = •&ab+--• r+-pab '&a 7

Par the atmospheric layer 0 Si H s; 11 km the error components are represented in
Fi. [ 4b ]. A special problem is the existence of inversion layers.
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Table 1. Altitude errors by inversion layers (Central Europe)

Altitude [in] AHI [m] AHI [m] AHII [m] AHIII [i]

(Gerdsen) (Schofield)

300
(upper limit of -2.7 -2.9 0 0
first layer)

1000 -15.9 -16.4 0 0

1750
(uppe:: limit of -2.8 0
second layer)

2000 -34.6 -35.6 -12.5 0

3100
(upper limit of - - -1.5
third layer)

4000 -72.1 -74.3 -90.3 -63.9

6000 -109.6 -113.2 -168.0 -202.7

8000 -147.1 -152.3 -245.9 -341.5

10000 -184.6 -191.6 -323.7 -480.3

2.3 Flight parameters from sensed environment

Pkessure altitude, airspeed, free air temperature and angle of attack are basic
parameters in the performance of aircraft. They are determined from measurements of static
pressure, total pressure and total temperature. The relationship between these parameters
are developed in this section.

Pressure altitude

In many aviation applications the pressure altitude fs used instead of the static
pressure. There is a one-to-one relationship between theLe two: the pressure altitude is
the geopotential altitude at which, according to the standard atmosphere, this static
pressure should reign. The relationship between these two is given by Eq.(4), taking into
account that the temperature varies with altitude where for each layer applies

T = Tb + 0 (H-Hb) '(8)

where H and Tb are, respectively, the lower altitude limit of the layer with constant
0 and tke temperature at that lower limit. After substitution.in Eq.(4) and integration
we obtain for B 0 0 _gn/iR

Pa Tb + a (H-Hb)1

7P a7b -- "

and for B 0
Pa gn (H-H b)]

-- =exp -R T (10)
(pa)b IT
a b

After substituting the constants used in the ISO Standard Atmosphere, we have, if H is
expressed in km

-2 H I11 I Ia (1 - 0.0225577 H) 5.25588 (Ila)
Pa

11 S H s 20 kil r 0.223361 exp [-0.1576885 (H-11)] (llb)
aSL

20 SH 932 kmn a[. .1y1o(I)
0.0540328 [1 + 4.6i574xio-3 (H-20)]-3•'1 6 32 (11,)

32 S H s 47 km 0.00856664 [1+ 0.001224579 (H-32" 1 2 .2 01 15 (lid)& J.



Altimeters are constructed and calibrated acoording to these relationships.

The actual geopotential altitude and the pressure altitude can differ by several
hundreds of metres, even in the altitude range between 0 and 11,000 metres where most
of the commercial flying is done. The main reasons for these differences are that

- the pressure at sea level does not have the-standard value

- the temperature at sea level does not have the standard value

- the temperature gradients with altitude do not have the standard values
(this includes temperature inversions at the lower altitudes)

- the acceleration due to gravity at sea level is different from the standard
value (gn is the average value at sea level at 45 degiees latitude)

- the atmosphere is not stationary, i.e. there are horizontal and vertical
winds.

In general this is no problem. Aircraft are separated in flight by Air Traffic Control
(ATC) on the basis of pressure altitude, and the performance, stability and control
characteristics are functions of static pressure, i.e. pressure altitude. Only when the
indicated (pressure) altitude must be compared with geometric altitudes, it is essential
to take these differences into account.

The most important cases are:

When the aircraft flivs near to tL.e ground, as during take off and landing.
Then the barometric scale on the altimeter is adjusted to the actual baro-
metric pressure at sea level (QNH, see section 7.1) or to the actual baro-metric pressure at the (airport) ground level (QFE).

When the aircraft flies over high mountains. Then ATC, when giving a clearance,
or the pilot, when choosing his altitude, take these differences into account.

When comparisons are made between pressure altitudes and altitudes measured
by radar, as is done in some flight test measurements of static pressure error,
then the differences must be taken into account, as described in section 7.3.2.3.

Calibrated air speed (CAS) (In French: vitesse conventionelle VC)

The air speed indicator senses the difference between total pressure, p , and
static pressure, p . The a t a t i c p r e s s u r e should be the pressure mea-
sured by an instrugent at rest relative to the fluid. As this cannot be verified in flight
the static pressure is taken from a probe shaped so that,at the position of the pressure
hole, the true static pressure is obtained as accurately as possible. If the fluid is
brought to rest by an isentropic process, the pressure increases to a maximum value called
t o t a 1 p r e s s u r e Pt . The difference between the total and static pressure
is called i m p a c t p r e ss u r e )q . For an incompressible fluid this is
equal to half the product of the density and t~e square of the velocity, i.e. the kinetic
energy per unit volume of the fluid:

Pt-Ps = qc = PV2 (12)

For compressible subsonic gas flows the impact pressure is given by
vt 2- -

= = -i P (13)

or

Pt-ps = qc L [(1 + I M 2  1  ] v (14)

where the sound velocity a is determinea by the relation a 2 p= p/p . It is cuEtomary
(in American notation) to call (p/2)v 4, the kinetic energy per anit volume, d y n a -
m i c p r e s s u r e , to distinguilh it from the impact pressure. With y 1.4 for
air we get Pt'Ps c= • v2 3"5 I

Pts --0- [(1 + 0.2 ( 23. (15)
Ps P-

The pressure notations are different in the United Kingdom and the United States (see
Table 2). The German and French notations are in concordance with the British notations.
The FMP-Committee has proposed to use the American notations. However, in the following
the notation total pressure will only be used for subsonic inviscid flow, the notation
pitot pressure in subsonic viscous flow or in 'supersonic flow.
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Table 2. Comparison of British, French, German, and American notation of pressures

British units
Aeronautical Res. French units German units American units
Council (J.Roy.Aero. DIN 5492 [6)
Soc. 61, 245/6) [5)

1 Pt total pressure pt pression totale pt'Pges P G amt- total pressure

d g rck
2 p static pressure P8 ,pa pression eta- p,Pst,Ps statischer PIP static or

tique ou Druck ambient press-
ambiante ure

3 4c=Pt-Ps dynamic PdgPt-Pa pression qc,Pd dynamischer qc impact pressure
pressure dynamique Druck

1 24 q 7k:v kinetic - pression q kinetischer q dynamic pressurepressure cin~tique Druck
Geschwindigkeits-
druck (Staudruck

5 p ppitot pressure p p(or pimp Pp Pitot-Druck
pression pitot

6 qi:pp-ps indicated P:Pp-Pr pression
dynamiquedynamic pressure indiqu~e

(pr=Pa+dPa detected
refer, static press,
ure in which dp is
the static errol)

The total pressure Pt is commonly measured by a p i t o t tube. The pressure p
sensed by the pitot tube is equal to the total pressure if the tube is correctly shaped P
and aligned to the flow and if the flow is subsonic and the Reynolds number is not too
low.

In s u p e r s o n i c flow a n o r m a 1 shock wave exists in front of the
tube (Fig.3) and the measured pressure is:

I

P c 1 2(M2 I
F.2

pp-ps qc , 2 ('2" I ps

p 4 y M2 _ 2 ( Y- I )
1

2 ) -1 vt 2  (16)
Y 4y M2 -

2 (Y-1)

pT1'

Pap pT

-- X

Fig.3 Probe tip in supersonic flow with detached shock wave.
S stagnation point+ A verex of abO01 w . .. ,:+ • ~~~~.,L V e of s .. . . , ,L,+ .-y+. Ip2_-"F -
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Substituting y 1.4 ,Eq.(16) becomes:

166.921 (-) (17a)
a 2 5 (17a)

238.459 (_- I
qc 2t 2

Examination of the above equations shows that the true air speed vt , depends on the
speed of sound a , on the static pressure ps ( which is normally equal to the atmo-
spheric or ambient pressure pa ) and on the measured differential preasure q.

ELý.4 shows the ratio q,/q according to Eqs.(15) and (17b) for subsonic and
supersonic free stream, including the asymptotic value

q". 0 1.84 v2) for y = 1.4

Therefore, an air speed indicator measuring only differential pressure can be made to
read t r u e a i r s p e e d v at only one set of atmospheric conditions. Sea
level standarc haz been selected arbitrarily, and the dials of air speed indicators are
scaled so that a given differential pressure will indicate a speed in accordance with
Eqs.(13) and (17) in which sea level standard and Ps PaSL are inserted. This standard

1.9-~ Aymptote.Ifor M -- M

1.6 Eq (14)'-4/

t 1.6
SEq (15)

1.4 2
qc pp~$ .P,÷M

1.2

0 12 3 4

M --

Fig.4 Ratio of inpact pressure and kinetic pressure as function
of Mach number.

sea level vaiue of v is defined as c a l i b r a t e d a i r s p e e d vc
Accordingly, Eqs.(13) and (16) can be rewritten as

qcv 2 3.5
(I + 0.2( 3 (18a)

SL SL
for Vc/aSL < 7

v

q 166.921 (ac)
_c _ SL - (18b)

SL v.

for vc./aSL



and from Eq(18a) we obtain 1

va = j, PaSL [q +1 /2

P [(- ) - (19)PSL PS

Ghe speed of sound a , being expressed by

a (y pa/P) (20)

Equivalent air speed (EAS) (In French: bquivalent de vitesse EV)

The equivalent air speed ve is related to the true air speed by
v2 V2 S " (21)

From Eqs.(15) and (21) we obtain 1

7 Pa q 1/2
ve = ,'.vL vt {P-a [(a +1) -+]1 (22)
e SL 0SL Pa

The difference

Ave = v -V

is the compressibility correction (defined only for subsonic flow).

Mach number

The Mach number is defined as the ratio of true air speed to the local speed of
sound:

M =vt
a

For subsonic flow we get from Eq.(13)

1/2

T = -!_ (23a)

or

M [5 ( 1 _) 1/2 (23b)

be put in the form

Q 1/2
(=-+ 1)(Y+1) + Y-1

M a (23c)

1-y+2 y M7 A

which can be solved by iteration.

Substituting y = 1.40 and rearranging: A

M (0.77666 2 8 ( ÷ c )(1 ""+1 .I (23d)
a 7M •

Total temperature

If the air surrounding a temperature probe is brought to complete rest isentropically,
the resulting temperature Tt , if sensed correctly, is called the total temperature or
stagnation temperature

Tt 2 Ta(1 ( I ) . (24)

For various reasons, such as radiation or heat transfer, most probes do not measure the
full isentropical temperature rise. The measured temperature T is usually expressed as

p

TPXTa(I *K j M) . (25)aI
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The recovery factor K is between 0.95 and 1.00 for most installations and can often
be assumed to be independent of the Reynolds number.

2.4 Influence of high altitudes on sensed flight parameters [7]

Flight at high altitudes generally involves high Mach numbers and low Reynolds
numbers. In this case the measurement of total pressure is influenced by d4.fferent pheno-
mena. In subsonic flow, viscous effects lead to an increase in total pressure which is
inversely proportional to the Reynolds number. In supersonic flow the experimental data
are beat correlated with the Knudsen number which is the ratio of the Mach and Reynolds
number. The measurement of static pressure Is strongly influenced by thick boundary
layers with shock wave interaction. The high stagnation temperatures stimulate internal
degrees of freedom of the molecules, and simultaneous rarefaction induces relaxation
processes. These relaxation processes do not significantly influence the pitot pressure.
If the Reynolds number is sufficiently low, viscous effects lead to an increased pressure
at the stagnation point. This effect is important even at low altitudes in the measurement
of thin boundary layers with very small probes, but at high altitudes the Reynolds number
may also become low for larger probes.

In compressible subsonic flow at low Reynolds numbers, the pressure increase at the
stagnation point can be expressed by

pCPs Tr' (26)

where C is a function of Mach number and probe geometry. Fig.5 shows that the experi-
mental results for M = 0 - 0.7 are independent of Mach number. A Mach-Reynolds number
chart for different flight altitudes and velocities (reference length I cm) shows that

5 0 Exp. Kane u. Moslach M
f Sherinan

- -Exp.Xu. TA. Homann M =0

9-

I2

r0

I L I tl I

01 102 Re.,

Fig.5 Increase of Pitot pressure in subsonic flow at low
Reynolds numbers.

4, 4 1. 16 2 24 as 32 e

toi

sos

I 2 1 4 5 8 7 a 1 0 V-A

Fig.6 Lines of constant Mach and Reynolds number in an altitude
velocity chart (reference length 1 cm).
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with conventional instrumentation, significant Reynolds number effects are only to be
expected at altitudes above 50 km (Fig.6). For supersonic flow only experimental results
on the influence of Reynolds number an4d-geometry on pitot probes are available. They
correlate very satisfactorily if they are plotted over the Knudsen number (Kn = M/Re)
(Fig.i). Cooling nf the probe has a strong influence.

'o7 - 1 _ _ I I llil 1 _ 1 1 1 !l !_ l-Ii lJ
P
P 25 1400OK COOLED
T I.S-6.s 3000K ADIABATIC
1.5 U 20-23 1400K COOLED

0 20-23 300K ADIABATIC
a 7 3009K '

1,2 O - -ooI {11[M I!{1 1
1.1U ,, U - -. -- -

100 2 4 8701' 2 4 6 8102 2 Kr';6 S 0O

Vig.7 Hypersonic pitot pressure in dependence of Knudsen number.

At high velocity and reduced density the static pressure along a wall is strongly in-
fluenced by the boundary layer displacement thickness and the subsequent formation of
a shock wave. The pressure distribution along the wall can be expressed by an interaction
parameter X = MC/Re with C = (Uw /Vi).(Ti/Tw) (Chapman-Rubesin constant), where the
Reynolds number is calculated using the length x along the wall [8J. Measurements and
theoretical analysis show a maximum value of the pressure along the wall (Fig.8). For a
Mach number M = 10 and a wall temperature Tw = 10 K or 300 K and fligh-altitudes
60 - 120 km , this is also expressed in physical quantities (Qig.9) [9].

In. addition to this displacement effect, other effects can influence pressure
measurement. Aerodynamic heating of the probe may cause a tenperature difference between
sensor and pressure transducer so that thermomolecular effects influence the measured
pressure. A review of the thermomolecular effect has been given by Arney and Bailey [i0o,
and the working chart (FiZ.1O) shows the dependance of this effect on the Knudsen number
and the ratio of hot an3oa-- temperatures.

20

p, ~~STRONG INTERACTION }wi 1
PSTHEORY (CHEWCUl) V Af rshp1716 /* 1 crohey 17

TWITo .1- 0 LeWis eo.l.t

12 
0 0 0

SKIENAPPE. (22 31%

4 - Ir ý N

Fig.8 Comparison of theoretical and experimental pressure data
along a flat plate (according to Kienappel [9)).


